Fluoroethylene carbonate (FEC) shows promise as an electrolyte additive for improving passivating solid-electrolyte interphase (SEI) films on silicon anodes used in lithium ion batteries (LIB).
I. INTRODUCTION
Solid-electrolyte interphase (SEI) films that passivate low voltage anode surfaces are important for lithium ion battery operations. [1] [2] [3] [4] [5] These films arise from electrochemical reduction and subsequent breakdown of the organic solvent-based electrolyte, which is unstable under battery charging potentials. With the correct choice of electrolyte, stable SEI films are formed, blocking further electron transfer from the anode to the electrolyte, yet permitting lithium (Li + ) transport. Small amounts of additives are often added to the electrolyte to modify the structure and performance of SEI films.
Additives may be particularly important for the next generation of anode battery materials like silicon (Si), tin, and other alloys. For example, Si promises much higher lithium ion capacities than commercially used graphite anodes. 6 However, Si exhibits large volumetric expansion during Li intercalation. This often results in cracking, leading to detachment of particles from each other 7, 8 and perhaps from SEI films formed during previous cycles.
There appears to be a need to continuously reform the SEI layer after each cycle, leading to consumption of Li + . Thus, in general, Si anodes have not been sufficiently stable over hundreds of charge/discharge cycles to be useful for commercial automobile batteries. SEI films on traditional graphite anodes yield less capacity fade, even though chemical compositions of SEI films on the two materials appear similar.
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reacting complexes at each stage have not been elucidated experimentally. [26] [27] [28] The apparent absence of C-F bonds in the SEI has prompted at least one experimental work to speculate that volatile fluorine-containing hydrocarbon components like C 2 H 3 F are removed as gas products before they can form SEI films. 29 Another proposed mechanism involves the elimination of hydrogen fluoride (HF) from FEC to form vinylene carbonate (VC) deriviatives.
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Others have disputed this claim, citing observed differences between FEC-and VC-derived SEI films.
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Electronic structure modeling is an excellent complement to experimental analysis.
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While unlikely to yield the entire sequence of reactions and precise product branching ratios, modeling is useful for interrogating whether each proposed bond-breaking/making step is exothermic, has a sufficiently low free energy barrier, or whether it will be superceded by other reaction pathways. Concerns about theoretical accuracy can be alleviated by using multiple density functional theory (DFT) and quantum chemistry methods to crosscheck predictions. The role of electrode surfaces in promoting/hindering SEI film formation reactions can also be elucidated. Many insightful and evocative modeling works on bare crystalline Si bulk, 39 surfaces [40] [41] [42] [43] and their interactions with lithium metal (as Li + source) have been published, but so far they have not focused on SEI formation mechanisms. The
To model two-e − reactions, we use Li 13 Si 4 model anodes with their (010) surfaces in direct contact with a liquid mixture of FEC and EC. This surface is meant as a prototype to study the fast, two-e − electron transfer regime. It is meant to mimic battery charging-induced Si cracking events that expose SEI-free surfaces to the electrolyte. This can take place during the initial or subsequent charge cycles. The anode stochiometry is chosen to represent one of the strongly lithiated Li-Si crystalline phases, 47 which are in turn models for disordered
Li-Si alloys in cycled materials. Unlike the more commonly studied Li 15 Si 4 stoichiometry, the orthonormal unit cell of crystalline Li 13 Si 4 exhibits three unequal lattice constants. This inequality facilitates lattice-matching to model oxide films on anode surfaces. Rapid FEC decomposition induced by two e − transfer is observed. One-electron decomposition of FEC is examined using cluster-plus-dielectric models in the absence of the silicon electrode. Such calculations were pioneered by Balbuena and coworkers and are valid for reactions that take place in the bulk liquid region.
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We also address the role played by silicon oxide. 
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Therefore a computational model that includes an electrode as well as a passivation oxide layer is also considered.
This paper is organized as follows. Section 2 briefly describes the computational methods. FEC decompositions induced by two-and one-electron injections are described in Sec. 3
and Sec. 4, respectively. Sec. 5 discusses the implications of our findings for SEI compositions and provides comparisons with experiments, and Sec. 6 concludes the paper with a brief summary. Two appendices examine the reductive decomposition of FEC adsorbed on lithium and silicon clusters using hybrid DFT functionals, and report two-electron mechanisms similar to those described in the main text.
II. METHODS
Finite temperature ab initio molecular dynamics (AIMD) simulations are conducted under solvent-immersed electrode conditions to study two-electron-induced FEC decomposition. These calculations are performed using the Vienna Atomic Simulation Package (VASP) version 4.6 53,54 and the PBE density functional. 55 A 400 eV planewave energy cutoff and a 10 −6 eV convergence criterion is applied at each Born-Oppenheimer time step. Tritium masses on EC are substituted for protons to permit a time step of 1 fs. The trajectories are kept at an average temperature of T=450 K using Nose thermostats. The elevated temperature reflects the need to "melt" EC, which has an experimental freezing point above room temperature, and to improve sampling efficiency. 56 In real batteries DMC cosolvent molecules reduce the viscosity, but DMC is not included herein. As a result, bond-breaking reactions observed in this work reflects accelerated kinetics pertinent to T=450 K. Fig. 1e ). An F − anion is ejected almost simultaneously. This leaves CO, F − , and C 2 H 3 O − 2 as products. Fig. 1b zooms in on these fragments. In one of them, a C-H bond has also cleaved, releasing a hydrogen atom that becomes a H − bound to a Si atom on the anode surface (Fig. 1b) . Even in this case, the product cannot be considered "HF." On the bottom surface (Fig. 1e) , a F − is ejected before any other bond breaking occurs. The resulting C 3 H 3 O − 3 anion then initiates nucleophilic attack on the C C atom of a neighboring intact EC molecule (see Fig. 1c for details). This may be the initiation of oligomer formation. No HF or CH 2 CHF is released, contrary to mechanisms proposed in the literature. 29, 30 By the nature of the simulation, the decomposition reactions observed are not imposed by any assumption, but are the natural manifestations of low-barrier mechanisms.
Along this trajectory, after another 5.6 ps, two EC and another FEC molecule on the surfaces decompose (not shown). The two EC molecules absorb two e − each to form
, as has been observed on Li + intercalated graphite edges.
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The newly reacting FEC forms CO,
, and F − , the majority product in Fig. 1e . No further dimerized product is observed. While we have only considered one AIMD trajectory with a single initial, force-field pre-equilibrated configuration, the multiple bond-breaking events observed, to some extent, serve as a reasonable sized sample of chemical reactions.
The majority of FEC molecules, upon accepting two e − , react to form CO and F − .
On the whole, these FEC + 2 e − reactions yield more varied products/intermediates than EC 2− breakdown. This point will be reiterated in light of cluster-based calculations described below. Table ?? ). Configuration A (Fig. 3a) is most stable according to the PBE functional. When MP2 is used, it is more stable than all other complexes except D (Fig. 3d) by a small 0.020 eV, which is within thermal energy of the MP2-predicted global minimum.
Given the fact that neither DFT nor MP2 has attained chemical accuracy (i.e., a mean error of less than ∼0.04 eV compared to experiments), we will henceforth use A as the starting configuration of all further cluster-based degradation studies. If the dielectric continuum approximation is omitted, the C C -O 1 bond in A spontaneously breaks during geometry optimization regardless of whether PBE or MP2 is used. The resulting structure is similar to F (Fig. 3f , which is however optimized with a dielectric approximation, not in the gas phase). Recall that the same bond spontaneously breaks in AIMD simulations (Fig. 2) . The same bond also breaks in C and D in the gas phase This subsection shows that the most probable (one-eletron) FEC − decomposition route is an indirect, multi-step reaction leading to removal of an F − anion followed by release of CO 2 and an organic radical.
Bond-breaking barriers computed using the FEC − :Li + cluster are listed in Table ? ?, and the global free energy landscape is illustrated in Fig. 5 . C C -O 1 cleavage yields the lowest initial bond-breaking barrier, predicted using the MP2 (PBE) method to be 0.26 eV (0.23 eV). This forms intermediate F (Fig. 3f) which is metastable by 0.09 eV (stable by −0.11 eV). The small (∼ 0.1 eV) discrepancies between MP2 and PBE barriers indicate that these reactions should be fast regardless of computational methods. A fast reaction rate is qualitatively consistent with the AIMD trajectory (Fig. 2) showing C C -O 1 bond-breaking within picoseconds.
Next we consider possible subsequent steps. Guided by 2-e − reactions (Fig. 1e) , we next examine C-F bond cleavage that proceeds from F to G (Fig. 4a) . MP2 calculations reveal that the reaction is exothermic by 0.55 eV (or 0.64 eV measured from the starting structure A, Table ? ?). The barrier from F to G is very small (0.12 eV, Table ? Hence the same two-step reaction seen in a majority of two-electron reactions (Fig. 1b) is also thermodynamically and kinetically viable for singly reduced FEC. Compared with the AIMD simulations depicted in Fig. 2 , the reason the C-F bond remains intact there seems to have mostly entropic origins. The lone Li + ion is far removed from the F atom in Fig. 2 , and a longer trajectory appears necessary for Li + to diffuse to and coordinate with the fluorine atom so the latter can detach from the FEC − fragment.
Due to the reactive nature of partially decomposed FEC − , numerous product channels and transition states exist for subsequent steps. In some cases the Li + and/or detached F − ions are omitted to assist calculation of the specific barriers. These models mimic conditions such that Li + and/or F − have "diffused away."
We next remove Li + and F − from G and reoptimize the geometry to H. The configuration shown in Fig. 4b is the most stable among several conformations separated by low rotational barriers. Our attempt to initiate attack on either the C C or C E atom of an intact EC molecule with the C or O atom of H leads to endothermic reactions with substantial barriers.
Unimolecular reactions exhibit much lower barriers and are much more exothermic.
Breaking the C E -O 2 bond of H to form CO 2 and ·CH2CHO (I, Fig. 4c Note that the free energy of H is referenced to cluster A, which has a different number of atoms, via Configuration J (Fig. 4d to be CO elimination from H is predicted to be endothermic by 1.28 (1.36) eV when computed using the MP2 (PBE) method, and will not proceed.
D. Cluster Calculations: Other Initiation Steps
Again motivated by 2-e − reactions, we next consider the direct breaking of the C-F in A to form the charge-neutral radical J with an intact 5-atom ring. According to PBE calculations, the reaction is exothermic by 1.18 eV with a barrier of 0.614 eV. J can then undergo C E -O 2 bond breaking to yield CO 2 and ·CH 2 CHO (I, discussed above; purple line in Fig. 5 ). This unimolecular reaction that releases CO 2 is reminiscent of a VC-based reaction predicted in Ref. 60 for the reaction between VC and EC − . Unlike that case, CO 2 is predicted to be a biproduct which accompanies the release of uncharged organic radicals that may not form effective SEI components. The PBE barrier assocated with the first step this route is much higher than the one examined in the last subsection (green line), and we have not computed the MP2 barriers associated with it. The final products are the same as in the last subsection. J can also be obtained from ring-reformation from G; it can can potentially undergo polymerization reactions.
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We have also considered the cleavage of the C E -O 2 bond in A to form K (Fig. 4e) . The barrier is found to be 0.927 (0.408) eV (orange line in Fig. 5 ). Unlike all other barriers considered so far, but analogous to breaking the same bond in the ring-opened radical (Ta- Elimination of HF from FEC − yields configuration L (Fig. 4f) which is endothermic by 0.20 eV (0.00 eV). No low barrier pathway for this two-bond-breaking reaction is found.
E. Cluster Calculations: System Size Effect
So far, the results are derived using a cluster with one FEC, plus a dielectric continuum that represents spectator solvent molecules. In experiments, the solvent is often a combination of EC and DMC, with FEC also present at low concentration. A more accurate way of representing the FEC − :Li + solvation shell is to introduce more molecules. Configurations
M-P (Figs. 6a-d) depict optimized geometries when two extra EC are included in the Li
+ coordination shell. Using the PBE functional, the most favorable intact FEC configuration M (Fig. 6a) resembles the FEC − :Li + cluster E (Fig. 3e) , where Li + only coordinates to one FEC − O atom. N (Fig. 6b ) is analogous to A (Fig. 3a) and is metastable, but by only 0.070 eV. In contrast, MP2 predicts that M and N are almost isoenergetic, emphasizing the somewhat sensitive dependence of their free energy ordering on computational methods and cluster size. Configuration O with a broken C C -O bond (Fig. 6c ) is analogous to configuration F, but exhibits a lower exothermocity. P (Fig. 6d ) is similar to G (Fig. 4c) with a smaller release of free energy. O cannot be optimized using the MP2 method; it decomposes into P spontaneously.
We have not computed barriers using these larger clusters. Recall, however, that a C C -O 1 bond breaks within 5.3 ps in AIMD/PBE simulations that treat all solvation molecules explicitly (Fig. 2) . This timescale is consistent with at most a 0.1 eV barrier. Thus, depending on the electronic structure method, cluster size, and treatment of temperature and out-lying spectator EC molecules, C 18, 20 The likelihood of these subsequent events should depend on the relative rates of electron transfer through the nascent SEI film and of preciptation/nucleation of charged fragments on the electrode surface.
Thus both 1-and 2-e − mechanisms lead to rapid release of F − to form LiF. We propose this is the main consequence of using FEC as additive. LiF can also arise from decomposition of PF − 6 , which is often considered not to be an electrochemical reduction, but is related to H 2 O contamination. Hence FEC may generate LiF much more quickly.
Polycarbonates, suggested in some of the FEC/Si-anode literature, [18] [19] [20] 22 is not directly observed in FEC n− decomposition. A previous computational work by one of the authors proposed polycarbonate chain formation from two-electron reduction of ethylene carbonate (EC). Such chains are predicted to be unstable in high dielectric environments, their ROCO 2 R' motifs as prone to electrochemical reduction and C C -O and C E -O cleavage as EC itself. However, if polycarbonate chains form large aggregates, the dielectric constant may be sufficiently lowered that they are no longer susceptible to excess e − attacks. Thus poly-
carbonates cannot be ruled out even though the experimental evidence for their existence does not appear conclusive.
We have also performed preliminary calculations of FEC − decomposition on lithium silicate-covered electrode surfaces immersed in liquid electrolyte. This mixed oxide is known to be present after cycling silicon anodes in lithium ion batteries. The thin (∼ 7Å) insulator oxide layers intervening between the metallic Li 13 Si 4 and the electrolyte yield two-electron FEC decomposition reactions, and therefore appear not sufficiently thick to perform the necessary function of slowing down e − transfer sufficiently to limit FEC decomposition to
We have used PBE, MP2, and in one case, B3LYP methods to compute reaction barriers.
In most cases the predictions are similar, within ∼0.1 eV of each other. The exception is breaking of the C E -O bond, where MP2(PBE) appears to overestimate (underestimate) the true barrier (see also appendix B).
VI. CONCLUSIONS
In conclusion, we have examined the decomposition mechanisms of fluoroethylene carbonate (FEC), which is a promising additive for improving passivating solid electrolyte interphase (SEI) films on silicon anode surfaces in lithium ion batteries. Various mechanisms are examined using unconstrained AIMD simulations of explicit liquid electrolyte/Li 13 S 4 interfaces and using cluster-based calculations. The two types of simulations are consistent with two-and one-e − attack on FEC, respectively.
Multiple reaction products and pathways are observed in fast 2-e − induced FEC break-down. The main products are carbon monoxide or its precursor, F − anion, and negatively charged C-and O-containing fragments that may undergo further reactions. We also observe direct defluorination of "FEC 2− ," yielding a C 3 H 3 O − 3 fragment with an intact 5-atom ring which in turn initiates nucleophilic attack on a neighboring EC molecule. F − can precipitate to form LiF, which has been shown to be abundantly present in FEC-derived SEI films, [17] [18] [19] [20] [21] [22] [23] [24] while the negatively charged organic fragments can also contribute to the Li + -conducting part of the SEI.
Similar initial bond-breaking routes and F − ion release are also found during 1-e − induced reactions. While reaction pathways and products have not been exhaustively enumerated, the first reaction is predicted to be the cleavage of the C C -O 1 bond regardless of whether unbiased AIMD/PBE simulation or cluster-based MP2/PBE barrier calculation is used.
This internal consistency suggests that the predictions are reasonable. To corroborate two-electron reduction pathways predicted in Sec. III A using hybrid DFT functionals, which are generally more accurate than the DFT/PBE method applied in the main text, an FEC molecule was placed on the (100) surface of a 50 atom face-centered cubic (FCC) Li cluster and optimized for 100 steps at the B3LYP/6-31G level of theory 65, 66 using the "smd" dielectric continuum approximation ( =40). The cluster consisted of four layers of Li (Fig. 7a) . The two bottom layers are frozen during the optimization to help maintain the bulk FCC structure.
Upon optimization, the FEC molecule decomposes on the surface. The initial and intermediate structures are shown in Fig. 7 . The C-F bond stretches and the carbonyl oxygen silicon anodes with native oxide films etched away by HF gas treatment. 11 The calculations are performed using the Gaussian 09 suite of programs and hybrid B3PW91 functional.
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Previous studies have shown that B3PW91 is reliable for the open-shell species involved in the ethylene carbonate reduction reactions for lithium-ion batteries. 31, 33 Both geome-try optimization and single-point calculations are carried out using a 6-311++G(d,p) basis set. Thermal corrections are included in the standard way, and analysis of atomic charges is generated using the CHelpG method. 69 The adsorption energy E ads is defined by E ads = E sub/ads −E sub −E ads , in which E sub/ads is the total energy of the optimized substrateadsorbate structures, E sub is the energy of the substrate, and E ads is the energy of adsorbate.
The Li + :Si 15 H 16 substrate will be discussed in detail in a future publication. 70 No dielectric continuum approximation is used in this appendix, and the reactions are therefore studied under ultra-high vacuum conditions.
As discussed in the main text, both one-electron and two-electron mechanisms are possible for decomposition of FEC. We first examine FEC adsorption on the optimized Si 15 H 16 -Li the ring structure is also adsorbed on the surface (Fig ??) . Its transition state involves the dissociation of C-F and the formation of Li-F, with a barrier of 0.72 eV. C-F bond breaking is also found in AIMD simulations. In summary, two electron mechanisms are favorable for FEC reduction on the Li-absorbed Si cluster while one electron mechanisms are either endothermic or exhibit high barriers. Whether one-or two-electron routes dominate depends on electron transfer processes, which are beyond the scope of this study. Distances are inÅ.
